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Abstract. The isobaric yield ratio difference (IBD) between two reactions of similar experimental setups
is found to be sensitive to nuclear density differences between projectiles. In this article, the IBD probe is
used to study the density variation in neutron-rich 48Ca. By adjusting diffuseness in the neutron density
distribution, three different neutron density distributions of 48Ca are obtained. The yields of fragments in
the 80AMeV 40,48Ca + 12C reactions are calculated by using a modified statistical abrasion-ablation model.
It is found that the IBD results obtained from the prefragments are sensitive to the density distribution of
the projectile, while the IBD results from the final fragments are less sensitive to the density distribution
of the projectile.
PACS. 21.65.Cd Asymmetric matter, neutron matter – 21.65.Ef Symmetry energy – 25.70.Mn Projectile
and target fragmentation
1 Introduction
Nuclear symmetry energy (NSE) is one of the hottest ques-
tions in the area of heavy-ion collisions (HICs). The yield
of a fragment is mainly determined by the free energy of a
fragment, the chemical potential properties of the source,
and temperature in HICs above the intermediate energy
[1,2,3,4,5,6,7]. In the many probes to determine the NSE,
the isobaric yield ratio (IYR) [2,3,8,9,10,11,12] can pro-
vide cancelation for special energy terms in the free energy
of a fragment. Huang et al. proposed the IYR method to
determine the symmetry energy coefficients of the nearly
symmetric fragments [8], and this IYR method was ex-
tended to the neutron-rich fragment to understand the
evolution of symmetry-energy coefficient in neutron-rich
nuclei [13,14,15]. The IYR method is further developed,
and improvements have been achieved to understand the
IYR results [16,17,18,19,20,21]. The results of the NSE in
Refs. [3,8,22,23,24] show a large difference, but the NSE
results determined by the isoscaling (IS) method (which
uses isotopic or isotonic ratios in HICs) and the isobaric
yield ratio difference (IBD) method are found to be similar
[17,18]. Besides, the IYR is also introduced to determine
the temperature of heavy fragments by using different ap-
proximations for the free energy of fragments [6,7,25].
The IBD is found to be sensitive to nuclear density
[17,18,26]. The IBD, which is defined as the differences
between the IYRs in two reactions of similar experimen-
tal setups, is found sensitive to nuclear density difference
Send offprint requests to: C.-W. MA: machunwang@126.com
between projectiles. The IBD is defined as,
∆µ21/T = ln[
σ2(A,I+2)
σ2(A,I)
]− ln[σ1(A,I+2)σ1(A,I) ],
= [µn2 − µn1 − (µp2 − µp1)]/T,
= (∆µn21 −∆µp21)/T, (1)
where µn (µp) denotes the chemical potential of neutrons
(protons), which depends on both neutron (proton) den-
sity and temperature [27,28,29]; T is the temperature;
σ(A, I) is the cross section of the fragment (A, I) with
I(= N−Z). Indexes 1 and 2 denote the reactions.∆µ21/T
is named as the IBD–∆µ21/T . The probes based on µn
(µp) are found to be sensitive to NSE, for example, the
isoscaling parameters α ≡ ∆µn21/T and β ≡ ∆µp21/T [3,
27,30,31,32,33]. In theory, ∆µ21/T = α− β, and this has
been proved in fragments showing the isoscaling phenom-
ena [17,18]. α (β) is also correlated to the relative neu-
tron (proton) density between reactions, which is eα =
ρˆn =
ρn,2
ρn,1
(eβ = ρˆp =
ρp,2
ρp,1
). [27,28,29]. Equivalently,
α = lnρn,2 − lnρn,1 (β = lnρp,2 − lnρp,1) denoting the
difference between the density of neutrons (protons).
A neutron-rich nucleus has a neutron-skin due to the
large difference between its ρn and ρp distributions. The
neutron-skin thickness is also one of the important pa-
rameters to study the NSE of the sub-saturation nuclear
matter, but there are some difficulties in measuring the
neutron-skin thickness [34,35,36,37,38,39,40,41,42,43,44].
In this article, we study the sensitivity of the IBD probe
to the neutron density variation in 48Ca. In general, the
quantum molecular dynamical (QMD) model [45,46,47,
48] (or its improved versions) and the antisymmetric molec-
ular dynamical (AMD) model [49,50,51,52,53], in which
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the evolution of reaction can be described, are usually
adopted to simulate HICs. Most works using QMD con-
centrate on the study of the phenomena involving light
particles [54,55,56,57,58,59,60,61,62,63,64,65]. For frag-
ment with larger mass, QMD cannot well reproduce the
isotopic or isobaric yield distributions. Though AMD pre-
dicts the yields of fragments much better than QMD [8,66,
11,?], it needs a lot of time to gather enough events [8]. Be-
sides the QMD and AMD models, the constrained molec-
ular dynamics (CoMD) model may also be a good choice
since CoMD cost less time than AMD, at the same time,
CoMD can predict the yields of fragments well [68,69,70,
71,72]. In the IBD analysis, the yield of fragment with
large mass is needed, which can not be easily fulfilled by
QMD and AMD. A modified statistical abrasion-ablation
(SAA) model, which can well reproduce the yield of frag-
ment [73,74,75,76], is adopted in this work. The proton
and neutron density distributions are distinguished in the
SAA model [75,76,77,78], which make it easy to change
the density distribution. The SAA model will be briefly
described in Sec. 2. The IBD results are presented and
discussed in Sec. 3, and a summary is presented in Sec. 4.
2 Model descriptions
The SAA model has been described in Refs. [73,74,75].
To show the results more clearly, we introduce the model
briefly. The SAA model is a two-stage model to describe
the HICs above intermediate energies. The first stage is
characterized by the abrasion of nucleons in the projec-
tile nucleus, and the hot prefragments are formed in this
stage. The second stage is characterized by the evapora-
tion of light particles (n, p, α), in which the hot prefrag-
ment decay to final fragments. The projectile and target
nuclei are assumed to be composed of interacting tubes.
Omitting the transverse motion of nucleons in the tube,
the collisions are described by independent interactions of
tube pairs. Assuming the tube to be infinitesimal, the av-
erage absorbed mass in a tube at a given impact parameter
b is,
< ∆A(b) >=
∫
d2sρPn (s)[1 − tn(s− b)]
+
∫
d2sρPp (s)[1− tp(s− b)], (2)
where tk(s− b) (k = n, p) is the transmission probability
for neutrons (protons) at b, and is given by,
tk(s− b) = exp{−[ρ
T
n (s− b)σnk + ρ
T
p (s− b)σpk]}, (3)
where ρT is the nuclear-density distribution of the target
integrated along the beam direction, s and b are defined
in the plane perpendicular to the beam, and σk′k are the
nucleon-nucleon reaction cross sections. It is easy to see
that the yield of a prefragment is decided by the nuclear
density distribution and σk′k. The yield for a specific pre-
fragment, which has ∆N of neutrons and ∆Z of protons
removed from the projectile, is calculated as follows,
σ(∆N,∆Z) =
∫
d2bP (∆N, b)P (∆Z, b), (4)
where P (∆N, b) [P (∆Z, b)] is the probability distribution
for the abraded neutrons (protons) at a given b. These
probability distributions are a superposition of different
binomial distributions for all the tubes.
The Fermi-type density distribution is adopted for ρn
(ρp) [79],
ρk(r) =
ρ0k
1 + exp( r−Cktkfk/4.4 )
, k = n, p (5)
where ρ0k is a normalization constant, tk is the diffuseness
parameter, and Ck is the radius of the half density for the
neutron (proton) density distribution. fk is introduced to
change the diffuseness and the neutron-skin thickness of
a nucleus [41,42,43,44,80,81]. If fk = 1, Eq. (5) is the
original Fermi-type density distribution.
The evaporation of a prefragment is calculated by us-
ing a conventional statistical model assuming the ther-
mal equilibrium [73,74]. The statistical hole-energy model
gives an average excitation energy of 13.3MeV per hole
(due to abrasion). The excitation energy of a prefragment
is E∗ = 13.3 < A(b) >MeV, with < A(b) > being the
average abraded numbers of nucleons from the projectile.
By using the Weisza¨cker-Bethe mass formula [82,83], the
binding energy of nuclei (A, Z), (A-1, Z-1), (A-1, Z) and
(A-4, Z-2) are calculated, from which the separation en-
ergy of neutron (Sn), proton (Sp) and α (Sα) of the nu-
cleus (A, Z) can be decided. For a prefragment with E∗,
the most possible particle emitted is chosen according to
min(Sn, Sp, Sα). The evaporation stops when the excita-
tion energy falls below the lowest particle threshold of
the residual nucleus. This is an economical decay method
compared to the sequential decay method GEMINI [84]
or the statistical multifragmentation model (SMM) [85].
Similar methods have been adopted in works dealing with
the clusterization in the framework of the QMDmodel [86,
87,88]. After the evaporation, the yield of the final frag-
ment can be obtained. The SAA model can well predict
the yields of fragments in the 140A MeV 40,48Ca + 9Be
and 58,64Ni + 9Be reactions [77,78,89].
3 Results and discussion
The yields of fragments in the 80A MeV 40,48Ca + 12C
reaction are calculated. For 48Ca, fn = 1, 2 and 3 are
adopted. The 40Ca reaction is labeled as 1, and the 48Ca
reactions with a different fn are labeled as 2. Since∆µ21/T
denotes the difference between the projectiles, we first dis-
cuss the difference between ρn (ρp) of
40Ca and 48Ca,
which are plotted in Fig. 1. The ρp distributions of
40Ca
and 48Ca are very similar, thus the difference between
them will not be considered. For 48Ca, more neutrons are
pushed to the skirt region from the core with increasing fn
resulting in the decrease of ρn in the core and making the
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Fig. 1. (Color online) The neutron and proton density distri-
butions of 40Ca and 48Ca according Eq. (5). For 48Ca, fn =1,
2, and 3 are plotted. In the inserted figure, the difference be-
tween the neutron density distributions [∆(lnρn)] of
40Ca and
48Ca are plotted, in which ∆(lnρn) = lnρn(
48Ca)−lnρn(
40Ca).
r denotes the nuclear radius.
neutron-skin thicker. In the inserted figure of Fig. 1, the
results of ∆(lnρn) = lnρn(
48Ca)− lnρn(
40Ca) are plotted.
For fn =1, ∆(lnρn) is similar (∼ 0) when r<3 fm, but
increases with r in the range 3< r <4.5 fm, and becomes
similar again when r > 4.5 fm. For fn =2 and 3, ∆(lnρn)
first decreases with the increasing r when r <∼3.2 fm,
then increases fast with r almost linearly.
The yield of a prefragment is determined by the ρn
and ρp distributions according to Eq. (3), thus the probe
constructed from prefragments is supposed to reflect the
density changes directly. It is concluded that ∆µ21/T is
sensitive to the difference between the ρn of isotopic pro-
jectiles. The results of the IBD–∆µ21/T are obtained by
using the yields of prefragments and final fragments in the
48,40Ca reactions. For clarity, the ∆µ21/T for
48Ca with
fn = 1, 2, and 3 are labeled as F1, F2, and F3, respec-
tively. The ∆µ21/T determined from the prefragments are
plotted in Fig. 2. When I < 3, the ∆µ21/T in the pre-
fragment with a relatively small A form plateaus, while
∆µ21/T increases with A in the large A fragments. When
I > 3, the plateau of ∆µ21/T disappears, and ∆µ21/T
increases with A almost linearly. The plateau in ∆µ21/T
is explained as the gentle change of ρn in the cores of the
projectiles, and the height of the plateau in the ∆µ21/T
distribution is assumed to reflect the difference between ρn
of the projectiles [17]. For the prefragments with I from -1
to 7, the ∆µ21/T shows an obvious regular increase with
fn, which corresponds to the enlarged ∆(lnρn) between
48Ca and 40Ca. The plateaus in ∆µ21/T of the I = -1, 0,
1 and 2 prefragments also increase with fn, but the width
of the plateau becomes shorter with the increased fn. The
enlarged ∆(lnρn) can accounts for the increasing ∆µ21/T
with fn, and the increasing ∆(lnρn) in the r <3.2 fm ex-
plain the disappear of the plateau in the neutron-rich frag-
ments (see the inserted figure in Fig. 1). Compared with
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Fig. 2. (Color online) ∆µ21/T determined from the prefrag-
ments produced in the calculated 80A MeV 48,40Ca + 12C re-
actions. The squares, circles and triangles denote the results
for fn = 1, 2, and 3 in the
48Ca neutron density distribution,
respectively. From panel (a) to (i), the results are obtained
from the prefragments with I from -1 to 7. The lines denote
the plateaus in the ∆µ21/T distributions.
the heights of the IBD results (≈ 2) [17] obtained from
the measure fragments [90], the heights of the plateaus in
F1 are smaller, but those in F2 are similar.
Though the prefragments can well indicate the den-
sity change in the projectile, they are not measurable in
the experiments. In SAA, the final fragments correspond
to the measured ones in experiment. The ∆µ21/T deter-
mined from the final fragments are plotted in Fig. 3. Most
of the prefragments with I > 5 can not survive the evap-
oration process, thus only the ∆µ21/T obtained from the
final fragments with I from -1 to 4 are plotted. In the
final fragments, the distribution of ∆µ21/T is also found
increase regularly with fn. The heights of the plateaus are
about 0.5, which are much smaller than the measured re-
sults in Ref. [17]. But the heights of the plateaus are larger
than those in Ref. [26], which studied the density changes
between calcium isotopes (the different fn makes a larger
∆ρn compared with those in Ref. [26]).
Now the phenomena that ∆µ21/T increases with A in
the large A fragments will be addressed. In this work, fp is
not changed, thus in theory β = 0 and ∆µ21/T = α. The
underlying physics of the changing of α withN should suit
for that of∆µ21/T . The values of α obtained form isotopic
ratios of small Z are similar, but changes with Z when Z
approximates to that of the projectile. This phenomena is
usually explained as that the large Z fragments are pro-
duced in the peripheral reactions, which correspond to
the surface region of the projectile where ∆(lnρn) changes
quickly. We have also explained the increasing ∆µ/T (or
α−β) with A in a similar way by consider the central and
peripheral collisions separately [17,18,26]. The fragments
with small A are mainly produced in the central collisions
which is almost not influenced by the neutron-skin, while
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Fig. 3. (Color online) The same as Fig. 2 but for the results
determined from the final fragments. From panel (a) to (f), the
results are from final fragments with I form -1 to 4. The lines
in panel (a) denote the plateaus in the ∆µ21/T distributions.
the fragments having A near the projectile are governed
by the neutron-skin [20,21,43,80]. The neutron-skin is also
found to make the IYR increase nonlinearly [20,21].
At last, we discuss the evaporation effects in ∆µ21/T .
The secondary decay influences the isoscaling result greatly.
The isobaric yield distributions and the resultant IYRs
can also be largely modified by the decay process [15,26].
Though the IYRs are not compared directly in this work,
it is easy to find the mass ranges of the final fragments
are larger than those of the prefragments. The ∆µ21/T
obtained from the final fragments are much smaller than
those from the prefragments, and are sensitive to the de-
crease of fn, which has been found in the∆µ21/T obtained
in the reactions induced by the calcium isotopes [26]. In
the decay process, the binding energy of nucleus is used by
omitting its temperature dependence. In fact, the binding
energy of a light nucleus is influenced much more easily
by temperature than that of a heavy nucleus [6], which
potentially influence the quality of the SAA model. For
fragments in a specific Z-chain produced in the 140AMeV
40,48Ca (58,64Ni) + 9Be reactions [66,90], the yields of the
small-A isotopes have relative large errors compared with
those of the large-A isotopes [89]. Thus the evaporation
in the present SAA model make it difficult to conclude
wether the IBD probe is useful in detecting the neutron
density in a neutron-rich nucleus. Further investigation of
the evaporation effects in the IBD probe is suggested.
4 summary
In summary, the IBD probe is used to study the density
change in the neutron-rich 48Ca nucleus. The SAA model
is used to calculate the yields of fragments in the 80AMeV
40,48Ca + 12C reactions. fn = 1, 2 and 3 are adopted to
adjust the neutron density distributions in 48Ca. The re-
sults of IBD–∆µ21/T are obtained by analyzing the yields
of the prefragments and final fragments produced in the
40Ca and 48Ca reactions. The ∆µ21/T distribution is ex-
plained by using the ∆(lnρn) between
48Ca and 40Ca, in
which the plateau of ∆µ21/T is explained as the gentle
change of ∆(lnρn) in the core of the projectiles, and the
increasing ∆µ21/T with A is explained as the enlarged
∆(lnρn) between the surface region of the projectiles. The
decay process influences the ∆µ21/T greatly. The ∆µ21/T
obtained from prefragments is sensitive to fn, while the
∆µ21/T obtained from the final fragments is less sensitive
to fn. In the present status of the SAA model, it is not
easy to conclude whether the IBD probe can be used to
detect the density change in a neutron-rich nucleus. In ad-
dition, the improvement of evaporation in the SAA model
is suggested.
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